L-Serine is one of the proteinogenic amino acids and participates in several essential processes in all organisms. In plants, the light-dependent photorespiratory and the light-independent phosphoserine pathways contribute to serine biosynthesis. In cyanobacteria, the light-dependent photorespiratory pathway for serine synthesis is well characterized, but the phosphoserine pathway has not been identified. Here, we investigated three candidate genes for enzymes of the phosphoserine pathway in Synechocystis sp. PCC 6803. Only the gene for the D-3phosphoglycerate dehydrogenase is correctly annotated in the genome database, whereas the 3phosphoserine transaminase and 3-phosphoserine phosphatase (PSP) proteins are incorrectly annotated and were identified here. All enzymes were obtained as recombinant proteins and showed the activities necessary to catalyse the three-step phosphoserine pathway. The genes coding for the phosphoserine pathway were found in most cyanobacterial genomes listed in CyanoBase. The pathway seems to be essential for cyanobacteria, because it was impossible to mutate the gene coding for PSP in Synechocystis sp. PCC 6803 or in Synechococcus elongatus PCC 7942. A model approach indicates a 30-60 % contribution of the phosphoserine pathway to the overall serine pool. Hence, this study verified that cyanobacteria, similar to plants, use the phosphoserine pathway in addition to photorespiration for serine biosynthesis.
INTRODUCTION
The amino acid L-serine (hereafter serine) belongs to the building blocks of proteins and is a key intermediate of central carbon/nitrogen metabolism. Serine is involved in the biosynthesis of purines and pyrimidines, and serves as an important precursor for other essential compounds, including the amino acids glycine and cysteine or phospholipids (Walton & Woolhouse, 1986) . Recently, it has been shown that serine also acts as a metabolic signal for the transcriptional regulation of photorespiratory genes in the model plant Arabidopsis thaliana (Timm et al., 2013) .
In plants, animals and heterotrophic bacteria, serine is synthesized via the so-called phosphorylated or phosphoserine pathway, with phosphoserine as a key intermediate (Umbarger et al., 1963; Ros et al., 2014) (KEGG database: http://www.genome.jp/kegg-bin/show_pathway?map= map00260&show_description=show). The pathway comprises three enzymatic reactions and starts with the precursor 3-phosphoglycerate (3PGA) (Fig. 1 ). 3PGA can be synthesized via multiple metabolic routes, such as glycolysis, gluconeogenesis and, in oxygenic phototrophic organisms, the photosynthetic Calvin-Benson cycle. The first enzyme of the phosphoserine pathway, D-3-phosphoglycerate dehydrogenase (PGDH, EC 1.1.1.95), catalyses the oxidation of 3PGA to 3-phosphohydroxypyruvate using NAD + or IP: 54.70.40.11
On: Fri, 26 Apr 2019 21:40:36 NADP + as cofactor. Then, phosphoserine transaminase (PSTA, EC 2.6.1.52), a pyridoxal-59-phosphate-dependent enzyme, converts 3-phosphohydroxypyruvate into 3-phosphoserine using glutamate as an amino donor that is converted into 2-oxoglutarate. In the final step, 3-phosphoserine is hydrolysed by the enzyme 3-phosphoserine phosphatase (PSP, EC 3.1.3.3) to serine and orthophosphate (Greenberg & Ichihara, 1957) .
In addition to this ubiquitous serine synthesis pathway, organisms performing oxygenic photosynthesis, such as cyanobacteria, algae and plants, use the photorespiratory 2phosphoglycolate (2PG) metabolism as an alternative, light-dependent pathway to generate serine (Fig. 1) . Photorespiration (often also called the C2 cycle) is responsible for removing toxic 2PG. In this metabolic cycle, two molecules of 2PG are converted into one molecule of 3PGA (reviewed by Bauwe et al., 2010) . In the entrance reaction, 2PG is dephosphorylated to glycolate that is then oxidized to glyoxylate, which is subsequently aminated to yield glycine. The glycine is used by the glycine cleavage system that splits glycine into CO 2 , NH 3 , NADH 2 and an active C1-unit, i.e. methylenetetrahydrofolate. The active C1-unit is then used by serine hydroxymethyltransferase to convert another glycine molecule into serine, regenerating the tetrahydrofolate carrier. To close the C2 cycle, serine is converted into hydroxypyruvate that is then oxidized to glycerate, which is finally phosphorylated by glycerate 3-kinase to 3PGA. It has been shown that intermediates of the cycle can be used for diverse biochemical purposes (Bauwe et al., 2010) . In particular, photorespiratory glycine and serine serve in illuminated plant leaves for protein synthesis. Thus, plants utilize two routes for serine biosynthesis: the light-dependent photorespiratory cycle, which is the main source of serine during the daytime in photosynthetic cells, and the light-independent phosphoserine pathway, which is used in heterotrophic cells and during the night.
Cyanobacteria evolved oxygenic photosynthesis~3 billion years ago and served as ancestors for plant plastids (e.g. Ochoa de Alda et al., 2014) . It has been shown that not only are proteins necessary for oxygenic photosynthesis, but also that many enzymes for plant primary metabolism evolved from ancestral cyanobacterial proteins (Martin & Schnarrenberger, 1997) . Therefore, cyanobacteria often serve as models to study plant primary metabolism. The cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis) is one of the most popular cyanobacterial model strains. Synechocystis is naturally competent for transformation and performs site-specific recombination, which made it possible to obtain targeted mutants (Grigorieva & Shestakov, 1982) . Due to its capability of heterotrophic growth, many photosynthetic mutants could be isolated (Anderson & McIntosh, 1991) . The complete genome sequence of Synechocystis was published in 1996 (Kaneko et al., 1996) . The available complete genome allows us to search for the metabolic capabilities of this model strain at the wellcurated database CyanoBase (http://genome.microbedb. jp/cyanobase/Synechocystis). Genes for the plant-like C2 cycle that includes the light-dependent pathway of serine biosynthesis were found in Synechocystis and were subsequently experimentally verified (Eisenhut et al., 2008) . Surprisingly, not all enzymes for the light-independent synthesis of serine are annotated in the Synechocystis genome nor in any other cyanobacterial genome. However, enzyme activities related to the phosphoserine pathway were detected in crude extracts of cyanobacteria (Colman & Norman, 1997) . Recent serine and glycine labelling experiments showed a 13 C enrichment of serine in Synechocystis that was substantially higher than that of glycine (Huege et al., 2011; Young et al., 2011) , indicating that serine was synthesized even in the light directly from 3PGA rather than by photorespiration via glycine. These experiments suggested that the phosphoserine pathway was not only active in Synechocystis, but contributed substantially to serine production. Another hint for the existence of an alternative serine synthesis route came from the observation that Synechocystis mutants blocked in the C2 cycle were dependent on high CO 2 , but not on serine supplementation (Eisenhut et al., 2008) . However, genome-scale metabolic modelling showed that light-dependent serine biosynthesis via the photorespiratory cycle could meet the demand for serine of Synechocystis (Knoop et al., 2010) . This controversial situation initiated our study to identify the genes coding for the light-independent, phosphoserine pathway in Synechocystis. Here, we present bioinformatic, biochemical and genetic data showing that the phosphoserine pathway is present in Synechocystis, and perhaps all cyanobacteria, where it cooperates with the photorespiratory cycle in serine synthesis.
METHODS
Sequence analysis. Amino acid sequences were aligned using CLUSTAL W version 2.1 (Larkin et al., 2007) and formatted using GeneDoc. (http://www.nrbsc.org/gfx/genedoc/gddl.htm). Sequence similarities were determined using EMBOSS Needle software (http://www.ebi. ac.uk/Tools/psa/emboss_needle/). Conserved motifs in amino acid sequences were detected using the PROSITE database (http://prosite. expasy.org/) (Sigrist et al., 2013) .
Bacterial strains and culture conditions. Synechocystis and Synechococcus elongatus PCC 7942 (hereafter Synechococcus) and their mutants were grown photoautotrophically under continuous illumination as described previously (Baier et al., 2004) . Briefly, the cells were cultivated under light (60 mmol photons m 22 s 21 ; cool-white fluorescent lamps) and 30 uC in BG11 medium buffered with 10 mM TES at pH 8.0 (Rippka et al., 1979) . Cells were grown on plates using agar-solidified BG11 medium. Mutant clones were first selected on media containing 10 mg kanamycin ml 21 . To enforce segregation, the mutant clones were then cultivated in the presence of 300 mg kanamycin ml 21 .
Escherichia coli strains DH5a, BL21 and BL21(DE3) (Novagen; Merck Chemicals) were grown at 37 uC in Luria-Bertani (LB) medium supplemented with 100 mg ampicillin ml 21 or 50 mg kanamycin ml 21 when appropriate. Cells were grown in Erlenmeyer flasks with shaking at 300 r.p.m.
Mutant construction. To obtain the Synechocystis deletion PSP mutant, the gene slr1124 was replaced by a kanamycin resistance cartridge. The up-and downstream regions of slr1124 were amplified by PCR using chromosomal DNA from Synechocystis as template and specific primers (Table S1 , available in the online Supplementary Material) containing added restriction sites for cloning (SacI and SpeI) and for insertion of the antibiotic resistance cartridge C.K3 (XbaI). After restriction, these PCR fragments were ligated into the pBluescript SKII+ vector (Stratagene). The kanamycin resistance cartridge C.K3 was obtained from plasmid pRL448 (Elhai & Wolk, 1988) by XbaI restriction and was ligated into the XbaI site created inside slr1124, generating plasmid pSKII_KO-PSP6803 ( Fig. S1) .
To obtain the Synechococcus PSP deletion mutant, the Synpcc7942_ 0485 gene was replaced by the kanamycin resistance cartridge. The amplified PCR product of the upstream region of the gene was cut with SacI and XbaI (for primers see Table S1 ) and the PCR product of the downstream region was cut with XbaI and ApaI. These fragments were ligated into the pBluescript SKII+ vector. The C.K3 cartridge was obtained as a XbaI fragment and ligated into the plasmid, yielding plasmid pSKII+_KO-PSP7942 (Fig. S2 ).
The final plasmids were checked by DNA sequencing and transferred to Synechocystis or Synechococcus by transformation (Grigorieva & Shestakov, 1982) . Recombinant clones were initially selected on media containing kanamycin and 0.5 mM serine. To achieve complete segregation, kanamycin-resistant Synechocystis clones were cultivated under the following conditions: (i) continuous light of 60 or 120 mmol photons m 22 s 21 with and without addition of 0.5 or 1 mM serine; (ii) 5 days' incubation in the dark with 5 mM glucose; and (iii) 5 days' incubation in the dark with 5 mM glucose and 1 mM serine. Kanamycin-resistant Synechococcus clones were incubated in the presence of 2 mM serine under continuous light of 60 mmol photons m 22 s 21 or in a 12 h/12 h light/dark cycle for up to 4 weeks. The genotype of the mutants was confirmed by PCR using genomic DNA acquired from mutant cells and specific primers (up-fwslr1124 and down-PCR for Synechocystis; up-PCR and down-PCR for Synechococcus; Table S1 ).
Construction of expression plasmids. For the expression of sll1908 in the E. coli vector pET28a (Novagen), the coding sequence of the gene was amplified by PCR using DNA of Synechocystis and genespecific primers with added restriction sites for cloning (Table S1 ). The resulting fragment was first cloned into pGemT (Promega). After sequence confirmation, sll1908 was cloned into pET28a using the enzymes NdeI and EcoRI, resulting in plasmid pET28a_sll1908.
For the expression of sll1559 in the E. coli vector pGEX-6P1 (GE Healthcare), the PCR product was cloned into pJET1.2 (ThermoScientific, Fermentas). After cleavage by BamHI and NotI, the resulting fragment was inserted into pGEX-6P1, resulting in pGEX_sll1559. For the expression of slr1124 in the E. coli vector pGEX-6P1, the PCR product was blunt-end-ligated into pJET1.2. After restriction by the corresponding endonucleases, the resulting fragment was cloned into pGEX-6P1, resulting in plasmid pGEX_slr1124.
Protein expression and purification of Sll1908, Sll1559 and Slr1124. To express sll1908, chemically competent cells of E. coli strain BL21(DE3) were transformed with pET28a_sll1908. After growth of the cells at 30 uC in LB medium supplemented with 50 mg kanamycin ml 21 for 6 h, protein production was induced by the addition of 1 mM IPTG. E. coli cells were then cultured overnight at 30 uC. Cell extract was obtained by sonication with homogenization buffer (20 mM sodium phosphate, pH 7.4, 500 mM NaCl). The His-tagged fusion protein was purified by affinity chromatography on Ni-NTA columns (Macherey-Nagel) and eluted using increased imidazol concentrations. Finally, the enzyme was desalted using PD10 columns (GE Healthcare) and stored in 20 mM sodium phosphate buffer, pH 7.4. Microbiology 161
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Chemically competent cells of E. coli strain BL21 were transformed with pGEX_sll1559 and pGEX_slr1124. The cells were cultured in LB medium supplemented with 100 mg ampicillin ml 21 at 37 uC. Protein expression was induced by the addition of 1 mM IPTG. Cells were subsequently cultivated overnight at 18 uC and then harvested by centrifugation (15 min, 3800 g). Total protein of E. coli was extracted by sonication. Cell debris was removed by centrifugation (15 min, 20 000 g) to obtain the cell lysates. The glutathione S-transferase (GST)-tagged proteins were purified by affinity chromatography using Glutathione Sepharose 4B (GE Healthcare) performed in batch mode according to the manufacturer's instructions. The GST-tag was cleaved off the purified proteins by PreScission Protease (GE Healthcare) overnight at 4 uC. The resulting proteins Sll1559 and Slr1124 were stored in a buffer containing 50 mM Tris/HCl, pH 8.0, 10 mM NaCl and 1 mM MgCl 2 .
Electrophoresis and protein quantification. The purity of the recombinant enzymes was checked by SDS-PAGE (12 %, w/v, acrylamide, 0.41 %, w/v, methylene bisacrylamide) in the buffer system of Laemmli (1970) . The gels were stained with Coomassie blue R250. A Fermentas PageRuler Prestained Protein Ladder (10-170 kDa; Thermo Scientific) was used as molecular mass standard. Protein concentrations of the purified enzymes were determined according to Lowry et al. (1951) .
Size-exclusion chromatography. The purity and the molecular mass of the native enzymes were validated by size-exclusion chromatography on a calibrated column (TricornSuperdex 200 10/ 300 GL; GE Healthcare) using 50 mM sodium phosphate buffer, pH 7.4, containing 300 mM NaCl and 50 mM KCl as running buffer. The flow rate was 0.5 ml min 21 . Elution of the enzymes was monitored by continuous absorption measurement (A 280 ). Ferritin (440 kDa) combined with standard protein marker (Gel Filtration Standard; Bio-Rad) was used for column calibration.
Enzyme assays and kinetic analyses PGDH assay. The activity of the purified PGDH (Sll1908) was determined according to Ho et al. (1999) . The 3PGA oxidation rate was measured in a standard reaction mixture containing 200 mM Tris/HCl, pH 9.0, 2.5 mM EDTA, 2.0 mM DTT, 2.0 mM NAD + , 2.0 mM 3PGA and 10 mg Sll1908 in a final volume of 1 ml. Rates of NAD + reduction were monitored at 340 nm (e56.22 mM 21 cm 21 ) and 30 uC. One unit of activity was defined as the amount of Sll1908 forming 1.0 mmol NADH min 21 under standard assay conditions. To check the effect of NADH, 0.1 mM NADH was added to the standard reaction mixture. For substrate specification, 5 mM of each potential substrate was added to the reaction mixture with 0.375 mM NAD + or NADH.
PGDH kinetics were analysed in the presence of different amounts of the two substrates, NAD + and 3PGA. 3PGA was varied in the range 0.1-4.0 mM in the presence of 2.0 mM NAD + , whereas NAD + was used in the range 0.1-2.0 mM with 2.0 mM 3PGA. The reactions were performed with saturating enzyme amounts. To determine K m and V max for each substrate, kinetic parameters were fit to the Michaelis-Menten equation by SigmaPlot 2006 Enzyme Kinetics Module 1.3. The optimal pH was determined at 28 uC in activity assays containing 4 mM NAD + , 25 mM EDTA, 2 mM DTT, 2 mM 3PGA and 20 mg enzyme ml 21 in 200 mM Tris/HCl buffer in the range pH 7.0-9.0.
PSTA assay. PSTA catalyses the transamination of 3-phosphohydroxypyruvate to 3-phosphoserine with glutamate as amino donor. None of these substrates or reactions could be detected directly. Therefore, PSTA (Sll1559) activity was detected via the reduction of NAD + to NADH by PGDH. It is known that PGDH becomes increasingly inhibited by its own product, 3-phosphohydroxypyruvate, as shown for the enzyme of A. thaliana (Ho & Saito, 2001) . Thus, only consumption of 3-phosphohydroxypyruvate via its transamination to 3-phosphoserine catalysed by PSTA leads to continuous activity of the PGDH measured as synthesis of NADH. PSTA activity was measured in a final volume of 1 ml by carrying out the PGDH standard assay and adding 7.4 mg PSTA (Sll1908) to form the substrate 3phosphohydroxypyruvate. The co-substrate of PSTA, glutamate, was supplemented to 2 mM. The reaction was started at a constant rate of NADH development by addition of 4.4 mg PGDH (Sll1559). Rates of enhanced NAD + reduction were monitored at 340 nm at 30 uC. One unit of activity was defined as the amount of Sll1559 producing 1.0 mmol NADH min 21 . To determine PSTA kinetics, the substrate glutamate was varied in the range of 0-8 mM.
PSP assay. The activity of PSP (Slr1124) was measured using a colorimetric method to follow the release of phosphate via the malachite green assay at 650 nm (Lanzetta et al., 1979) . The PSP reaction was performed in standard buffer of 50 mM HEPES, pH 7.5, containing 10 mM NaCl, 1 mM MgCl 2 , 1 mM DTT and 1 or 2 mM 3-phosphoserine at 30 uC. To determine the substrate specificity of PSP, several substrates such as 3-phosphoserine, sn-glycerol 3-phosphate, D(+)-3PGA and D(+)-2-phosphoglycerate (Sigma-Aldrich) were used in a final concentration of 1 mM. To test the effect of the endproduct serine on PSP activity, 5 or 10 mM serine was added to the standard reaction mixture.
For kinetic analyses, the PSP phosphatase reaction was performed in the presence of 0-2.5 mM 3-phosphoserine. The reaction was started by addition of PSP (Slr1124) and was performed for 8 min at 30 uC. Aliquots of the reaction mixture were applied to the colorimetric malachite green assay. One unit of activity was defined as the amount of PSP producing 1.0 mmol phosphate min 21 .
Reconstruction of the phosphoserine pathway in vitro. The purified enzymes PGDH (9.0 mg) and PSTA (11.0 mg) were added to 1 ml PSTA standard assay containing PSP (11.0 mg). The reaction was started by addition of PGDH. NADH formation was monitored at 340 nm. At different time points, 25 ml aliquots of reaction mixture were transferred to 75 ml ice-cold water. Enzymes were inactivated by heating for 1 min at 95 uC. After cooling, aliquots were applied to the malachite green assay.
RESULTS AND DISCUSSION
Identification of putative enzymes of the phosphoserine pathway Three enzymes are necessary to synthesize serine from 3PGA: PGDH, PSTA and PSP (Fig. 1) . First, we searched for possible candidate genes coding for PGDH in the genome of Synechocystis. There was one putative PGDH homologue annotated as serA (sll1908) in CyanoBase (http://genome. microbedb.jp/cyanobase/Synechocystis/genes/sll1908). Hence, the protein Sll1908 was our prime candidate for PGDH.
The identification of a candidate gene coding for PSTA turned out to be more difficult, because multiple forms of transaminases exist and the substrate specificity of these enzymes is more difficult to predict from sequence features. PSTA belongs to proteins of the aminotransferase class V family (Interpro; http://prosite.expasy.org/PDOC00514). These proteins require pyridoxal 59-phosphate as cofactor (Ouzounis & Sander, 1993) , which is covalently bound by Lys197 in SerC of Bacillus circulans (Fig. 2) forming an aldimine bond (Belhumeur et al., 1994) . The corresponding domain can be found in aminotransferases and other enzymes including cysteine desulfurases (EC 4.4.1.-). PSTAs with aminotransferase class V domains are also known for A. thaliana (At4g35630) and E. coli (SerC).
To identify possible genes for PSTA in the genome of Synechocystis, a genome-wide Interpro search was performed using aminotransferase class V as a query. The scan revealed six candidates: sll0704, sll1559, slr0077, slr0387, slr2143 and slr5022. Only the gene products of sll1559 and slr5022 show considerable similarities to aminotransferases, whereas the proteins coded by the other four genes are annotated as cysteine-specific enzymes. sll1559 has previously been assumed to code for the photorespiratory serine-glyoxylate aminotransferase in Synechocystis (Eisenhut et al., 2008) . Interestingly, the Sll1559 protein showed sequence similarities to biochemically verified PSTAs, including the enzymes of E. coli (Duncan & Coggins, 1986) , A. thaliana (Ho et al., 1998) , B. circulans (Battchikova et al., 1996) and two Archaea (Helgadottir et al., 2007) . The amino acid sequence alignment displayed highly conserved regions (Fig. 2) . The conserved amino acid sequence holding the motif of the aminotransferases class V is around position 200 of Sll1559 (Fig. 2, boxed) . Presently, sll1559 is wrongly annotated in CyanoBase as a gene coding for a soluble hydrogenase subunit (http://genome.microbedb.jp/cyanobase/ Synechocystis/genes/sll1559). The four cysteine-dependent enzymes were excluded from further analyses and only the two genes coding for putative aminotransferases (sll1559 and slr5022) were taken into further consideration.
Initially, the bioinformatic search for a putative PSP remained unsuccessful, because none of the biochemically (Duncan & Coggins, 1986) , A. thaliana (GenBank accession number Q96255) (Ho et al., 1998) and B. circulans (GenBank accession number Q59196) (Battchikova et al., 1996) using CLUSTAL W (Larkin et al., 2007) . The conserved motif that is characteristic for aminotransferase class V (surrounded by a frame) was determined by the PROSITE database (Sigrist et al., 2013) . The catalytic lysine forming an aldimine bond with pyridoxal 59-phosphate is indicated by a triangle. The signature sequence for PSTA (LKG) is marked by a line (Belhumeur et al., 1994) . White letters on black, 100 % conserved; white letters on grey, 80 % conserved; black letters on grey, 60 % conserved.
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characterized PSPs from other organisms showed significant sequence similarities to any protein coded in the Synechocystis genome. Thus, we started attempts to enrich the PSP from soluble cell extracts of Synechocystis by classical protein purification and testing the fractions for PSP activity using the substrate phosphoserine. The application of ammonium sulfate precipitation, hydrophobic interaction chromatography and anion-exchange chromatography led to~500-fold enrichment of PSP activity (data not shown). The proteins of this fraction were separated by SDS-PAGE and selected bands were used for protein identification via MS (Supplementary data set) . Amongst the proteins of this fraction, none showed similarities to phosphatases. However, Slr1124 was identified in several SDS-gel bands of this fraction. It is annotated as phosphoglycerate mutase in CyanoBase (http://genome.microbedb.jp/cyanobase/Synechocystis/genes/ slr1124). It turned out that this putative phosphoglycerate mutase might be a promising PSP candidate. Chiba et al. (2012) reported that a non-typical phosphoglycerate mutase of the bacterium Hydrogenobacter thermophilus displayed only PSP activity instead of the expected mutase activity. Hence, this enzyme was described as the first example for a new class of PSP enzymes, which have close relatives in many other organisms, including Arabidopsis. Using the PSP sequence of H. thermophilus it was possible to identify a similar protein in the Synechocystis genome: the possibly wrongly annotated phosphoglycerate mutase Slr1124. Thus, two lines of evidence qualified the product of slr1124 as the most likely PSP candidate: its occurrence in a protein fraction highly enriched in PSP activity and its sequence similarity to the new PSP class identified in H. thermophilus.
Verification of enzymatic activities of the phosphoserine pathway
To verify the proposed biochemical functions of the candidate proteins, we expressed the genes in E. coli and purified the corresponding recombinant proteins for biochemical characterization. Fig. 3 shows that all three recombinant proteins, i.e. Sll1908, Sll1559 and Slr1124, were obtained as soluble proteins. Due to the fused tags, it was possible to isolate considerable amounts of rather pure proteins for the subsequent biochemical assays. All three recombinant enzymes were active and followed Michaelis-Menten kinetics (Fig. 4) .
PGDH (Sll1908). The starting enzyme PGDH was obtained as a His-tagged fusion protein with a calculated molecular mass of 58.0 kDa (Fig. 3a) . To determine whether Sll1908 could perform the oxidation of 3PGA towards phosphohydroxypyruvate using NAD + as cofactor, the reduction of NAD + to NADH with 3PGA as substrate was followed at 340 nm. The recombinant enzyme showed clear PGDH activity. However, when NADP + instead of NAD + was used as coenzyme, only~5 % of the PGDH activity remained visible. The use of related substrates revealed that the highest activity was obtained with 3PGA and NAD + , whereas only low activities were observed with D-lactate and glycolate (Table 1) . These data support the notion that sll1908 was correctly annotated as serA coding for the PGDH in CyanoBase.
In subsequent biochemical assays we estimated the biochemical features of PGDH. In the presence of 3PGA and NAD + the maximum specific activity of Sll1908 reached 2.3 U mg 21 at the enzyme's pH optimum of 9.0 with a turnover number of 2.25 s 21 (Table 2) . A decrease of the pH to 7.5 led to a loss of enzymatic activity of~67 %. Addition of the final product NADH to 0.1 mM inhibited the reaction rate to 16 % (data not shown). A doublereciprocal plot of the kinetic data was used to calculate the K m values for 3PGA and NAD + of 0.63 and 0.13 mM, respectively, at pH 9.0 (Fig. 4a, Table 2 ). The K m value for 3PGA (1.19 mM) of the recombinant PGDH of Arabidopsis at pH 9.0 was in the same range, whereas the plant enzyme exhibited a much higher affinity towards NAD + (K m 50.01 mM) than the cyanobacterial PGDH. Finally, the native molecular mass of the recombinant PGDH was estimated via gel-filtration chromatography. The Sll1908 protein eluted at a molecular mass of~234 kDa, indicating that the enzyme forms a homotetramer. A similar homotetrameric structure was reported for PGDHs of the Grampositive bacterium Corynebacterium glutamicum and of the plant A. thaliana (Ho & Saito, 2001) . Phosphoserine pathway in Synechocystis PSTA (Sll1559). The bioinformatic searches (described above) identified two candidate PSTA proteins in the Synechocystis genome that are coded by sll1559 and slr5022, respectively. These two genes were expressed in E. coli, but only the recombinant Sll1559 showed PSTA activity (Table 2) , whereas the Slr5022 was not active (data not shown). The purified PSTA has an apparent molecular mass of 41 kDa in SDS-PAGE (Fig. 3b ). However, a molecular mass of 84 kDa was determined for Sll1559 by size-exclusion chromatography, indicating a dimeric structure of the native enzyme. A homodimeric structure was also reported for PSTA of B. circulans (Battchikova et al., 1996) .
The purified PSTA of Synechocystis catalysed the amino group transfer from glutamate towards 3-phosphohydroxypyruvate in vitro. The initial rate of Sll1559 was determined by an enzymatic assay coupled to PGDH to follow the NADH production of this enzyme, because a direct detection of the substrates or products of PSTA was not possible (see Methods). The kinetic parameters of Sll1559 are listed in Table 2 . The K m value for glutamate was 1.03 mM (Fig. 4b ) and the maximum specific activity was 3.64 U mg 21 for the PSTA from Synechocystis. For the recombinant PSTA of A. thaliana, different K m values for (Ho et al., 1998) to 5.05 mM (Ali & Nozaki, 2006) .
PSP (Slr1124). The recombinant putative PSP protein with a calculated molecular mass of 49.8 kDa was purified from E. coli (Fig. 3b) and was subsequently used for enzymatic assays. The Slr1124 protein of Synechocystis showed clear PSP activity, because it catalysed the hydrolysis of the phosphoric acid ester of the substrate 3phosphoserine, releasing serine and orthophosphate. The PSP was found to be highly specific for its substrate phosphoserine, because enzyme assays with related substrates that contained phosphoric acid esters showed only low enzyme activities (Table 3 ). The K m value of Slr1124 for 3-phosphoserine was 0.42 mM (Fig. 4c ) and the constant k cat was 30.2 s 21 at 28 u C and pH 7.5, which resulted in a high catalytic efficiency of 71.8 s 21 mM 21 (Table 2 ). These data revealed that slr1124 really codes for PSP and is wrongly annotated as mutase in CyanoBase. The recombinant PSP of Arabidopsis showed a K m value of 3.5 mM on 3-phosphoserine at pH 7.5 and a turnover number of 1.8 s 21 , resulting in a catalytic efficiency of 0.51 s 21 mM 21 . Hence, the plant enzyme exhibited~10-fold lower affinity for the substrate phosphoserine and a lower catalytic efficiency than the enzyme from Synechocystis. The enzyme activity of PSP (Slr1124) was also checked in 200 mM Tris/HCl buffer, pH 9.0, because this pH was used in the experiments to reconstitute the phosphoserine pathway by mixing the three recombinant proteins. The PSP activity decreased to 44±14 % at pH 9 in comparison with the rate at pH 7.5. Further experiments showed that the end-product serine caused a distinct inhibition of the Synechocystis PSP, because the activity dropped to 46±6.8 % of the initial rate after addition of 5 mM serine to the standard enzyme assay, whilst only 31±4.1 % of the rate remained visible after addition of 10 mM serine. The native molecular mass of Slr1124 was determined by size-exclusion chromatography, where it eluted as one symmetrical peak of 50 kDa, indicating that the PSP is an active monomer (Table 2) .
In vitro reconstruction of the phosphoserine pathway. Next, we tried to reconstitute in vitro the light-independent phosphoserine pathway of Synechocystis. To this end, we performed an in vitro assay combining the three recombinant proteins Sll1908, Sll1559 and Slr1124 in the presence of the substrates 3PGA, glutamate and NAD + . The whole pathway activity was monitored indirectly by measuring the release of inorganic phosphate and NAD + reduction over the time (Fig. 5 ). After 10 min of the enzymatic reaction, 8.8±1.5 mmol phosphate (mg protein) 21 was determined. The phosphate release corresponds well with the independently measured NAD + reduction of 8.9± 0.6 mmol (mg protein) 21 during the same time. As control, an assay containing active PGDH and PSTA, but heatinactivated PSP, was performed, resulting in no phosphate release (Fig. 5 ). The rate of NADH generation was not altered in this control reaction, as expected because of the active PGDH. This experiment revealed that the three isolated enzymes are sufficient to perform serine synthesis from the substrates of the phosphoserine pathway in vitro. Attempts to delete the phosphoserine pathway in cyanobacteria
The biochemical results clearly indicate that Synechocystis is capable of performing serine biosynthesis via the phosphoserine pathway in addition to the light-dependent photorespiratory 2PG pathway. To determine the physiological role of the pathway and to verify the biochemical results in intact cells, we aimed to inactivate the psp genes in Synechocystis and Synechococcus. These cyanobacterial strains are amenable to targeted mutagenesis. To mutate the corresponding genes, the kanamycin resistance cartridge was fused to sequences neighbouring the PSP coding sequences. However, despite cultivation of kanamycinresistant clones under various conditions, such as different light conditions and serine supplementation to favour the use of the photorespiratory pathway for serine biosynthesis and to complement serine auxotrophy, respectively, homozygous mutants of Synechocystis and Synechococcus were not obtained. In addition to the mutated fragment, a second fragment of size similar to the WT gene remained visible in PCRs with mutant DNA as template (Figs S1 and S2). These results indicate that the psp genes are essential for viability of these two cyanobacterial strains. It has been previously shown that the knockout of sll1559 coding for PSTA was also not possible in Synechocystis, as also in this case only partly segregated clones could be obtained (Eisenhut et al., 2006) .
These results point to an essential role of the lightindependent serine biosynthesis pathway, at least under the tested conditions. Similar results were reported for the model plant Arabidopsis, where a knockout of the psp1 gene resulted in an embryo-lethal phenotype (Muñoz-Bertomeu et al., 2013) and PGDH was also found to be essential for plant viability (Benstein et al., 2013) . Thus, at least in plants, the phosphoserine pathway is responsible for functions additional to serine biosynthesis, such as the involvement in protein/lipid phosphorylation or modulation of cell signalling pathways. Such a broader importance of the phosphoserine pathway could also apply for cyanobacteria, and could explain why even feeding with serine and exposure to light to promote light-dependent serine synthesis did not allow the complete knockout of the genes for the light-independent phosphoserine pathway. At least for Synechocystis, the presence of a serine uptake system has been proven (Labarre et al., 1987; Quintero et al., 2001) , ruling out the possibility that external serine cannot taken up by the transformants.
Another indication of the important function of the phosphoserine pathway amongst cyanobacteria was obtained from the finding that close homologues of all three enzymes exist in genomes of almost all cyanobacteria listed in CyanoBase despite the universal occurrence of lightdependent serine synthesis via photorespiration amongst cyanobacteria . For PGDH, the related cyanobacterial enzymes show .70 % sequence similarity. Furthermore, the PGDH protein from Arabidopsis is closely related to cyanobacterial enzymes (60 % sequence similarity). In the phylogenetic tree of PGDHs from plants, cyanobacteria and heterotrophic bacteria, the proteins from plants and cyanobacteria are sister clades, supporting the cyanobacterial origin of PGDH in plants (Fig. S3) It should be noted that probable homologues for the three enzymes of the phosphoserine pathway are also present in the genomes of picoplanktonic cyanobacteria. These strains are characterized by the smallest genomes amongst cyanobacteria. It has been proposed that they have eliminated all unnecessary genes during genome streamlining (Scanlan et al., 2009 ). Nevertheless, these strains also retain genes for photorespiration as a light-dependent route for serine biosynthesis as well as the genes identified here for the light-independent route, i.e. the phosphoserine pathway.
CONCLUSIONS
Our results provide clear evidence that the light-independent phosphorylated pathway of serine biosynthesis is active in cyanobacterial cells (displayed in Fig. 1) . Previously, only the light-dependent photorespiratory pathway for serine biosynthesis was annotated and thought to be the source of serine in Synechocystis (Knoop et al., 2010) . However, there was some doubt that this pathway represents the only source of serine, because the enzyme activities necessary for the phosphoserine pathway were found in crude extracts of six different cyanobacteria (Colman & Norman, 1997) and the complete block of photorespiration at the glycolate conversion step did not result in serine auxotrophy (Eisenhut et al., 2008) . However, identification of the phosphoserine pathway enzymes in the cyanobacterial genomes was hampered by its missing or wrong annotation. Only the gene for PGDH was correctly annotated and was functionally verified here. The PSTA gene sll1559 is wrongly annotated in Synechocystis and some other cyanobacteria, despite the clear similarities of the protein to type V aminotransferase. Here, we verified its specific action as PSTA using the pure recombinant protein Sll1559. The last enzyme PSP was initially identified by enzyme purification and protein identification via MS. However, the final recognition of the wrongly annotated Slr1124 as PSP was supported by the report on a new PSP class showing some sequence similarities to phosphoglycerate mutases (Chiba et al., 2012) . Finally, using the three verified protein sequences from Synechocystis, we found homologous proteins in the majority of cyanobacterial genomes. Thus, we conclude that the light-independent phosphoserine pathway exists at least in most cyanobacteria and contributes to the biosynthesis of serine in addition to photorespiration. It has been shown that some of the enzymes (e.g. PGDH) are potentially sensitive to thiol oxidation (Chardonnet et al., 2014) . It could be possible that the redox state of these enzymes regulates the relative contribution of the two pathways to serine biosynthesis depending on the growth conditions, such as light/dark transitions.
Moreover, our results indicate that the pathway is essential in Synechocystis and Synechococcus. The attempts made here to mutate the gene for the PSP and those previously made to mutate the gene for PSTA (Eisenhut et al., 2006) resulted in only partly segregated mutants, i.e. the WT gene copy was always retained even in the presence of external serine. Obviously, the pathway contributes significantly to total serine synthesis or is involved in additional functions essential for cell viability. The lack of mutants made it difficult to measure the relative importance of the two pathways. Thus, we tried to estimate it using an existing multi-scale kinetic model of Synechococcus that took into account existing metabolome and transcriptome data (Jablonsky et al., 2014) . According to this model, we predict that in cells grown at 5 % CO 2 the phosphoserine pathway contributes to 66.4 % of serine synthesis, whereas due to the increased photorespiration it delivers only 28-37.6 % of serine under ambient CO 2 conditions (assuming 3-4.5 % oxygenation reaction of ribulose 1,5-bisphosphate carboxylase/oxygenase in cells grown at ambient air with 0.04 % CO 2 ). The relative contribution of the phosphoserine pathway will further increase if we include night phases and if we assume that not all of the photorespiratory serine is taken off from the cycle. The complete use of photorespiratory glycine and serine for biosynthetic purposes was suggested to occur in diatoms that have an open photorespiratory pathway (Allen et al., 2011) .
